It has been assessed whether an internal dose of cadmium (Cd), as reflected by a Cd concentration in urine not yet sufficient to induce a significantly increased urinary' excretion of various plasma proteins (micr9proteinuria defined as f2-microglobulin in urine.$ 300 pg/g creatinine, or retinol-binding protein in urine > 300 pg/g creatinine, or albumin in urine > 15 mg/g creatinine, or a combination of these), may affect the filtration reserve capacity of the kidney. The last was determined by measuring the difference between the baseline creatinine clearance and the maximal creatinine clearance after an acute oral load of protein (400 g of cooked red meat). In total 215 men were examined of whom eventually 87 Cd exposed workers (concentration of Cd in urine > 2 pg/g creatinine) from zinclcadmium smelters and 92 control workers (concentration of Cd in urine < 2 ug/g creatinine, absence of microproteinuria, normal fasting serum creatinine) were retained for data analysis performed separately for workers aged less or more than 50 years. Microproteinuria was present in 20 Cd workers, all older than 50. This study confirmed the previous observation that the age related decline of the baseline glomerular filtration rate (GFR) is accelerated in male workers with Cd induced microproteinuria; the same observation was made for the maximal GFR. It was found, however, that a renal Cd burden that had not yet caused microproteinuria did not impair the filtration reserve capacity of the kidney. This study therefore validates the previous estimate ofthe threshold effect concentration ofCd in urine (10
may affect the filtration reserve capacity of the kidney. The last was determined by measuring the difference between the baseline creatinine clearance and the maximal creatinine clearance after an acute oral load of protein (400 g of cooked red meat). In total 215 men were examined of whom eventually 87 Cd exposed workers (concentration of Cd in urine > 2 pg/g creatinine) from zinclcadmium smelters and 92 control workers (concentration of Cd in urine < 2 ug/g creatinine, absence of microproteinuria, normal fasting serum creatinine) were retained for data analysis performed separately for workers aged less or more than 50 years. Microproteinuria was present in 20 Cd workers, all older than 50. This study confirmed the previous observation that the age related decline of the baseline glomerular filtration rate (GFR) is accelerated in male workers with Cd induced microproteinuria; the same observation was made for the maximal GFR. It was found, however, that a renal Cd burden that had not yet caused microproteinuria did not impair the filtration reserve capacity of the kidney. This study therefore validates the previous estimate ofthe threshold effect concentration ofCd in urine (10 pg/g creatinine) that is intended to prevent the occurrence of microproteinuria in male Cd workers. It should be kept in mind, however, that because of the likely interference of the healthy worker effect, this conclusion may not be directly extrapolated to the general population.
In chronic occupational exposure to cadmium (Cd) the kidney (cortex) constitutes the critical organ. The early stage of interference of Cd with renal function is usually characterised by an increased excretion of low molecular weight proteins (for example, f2-microglobulin, retinol-binding protein, almicroglobulin) due to tubular dysfunction; in some subjects an increased excretion of high molecular weight proteins (for example albumin and transferrin) because of increased glomerular permeability may be seen.' 2 We have previously shown, through several cross sectional studies in adult male workers, that the concentration of Cd in urine (which reflects the renal burden of Cd) above which the risk of occurrence of such microproteinuria significantly increases, is around 10 jug/g creatinine. ' 3 We have also shown that Cd induced microproteinuria is irreversible78 and may lead to an exacerbation of the age related decline in the glomerular filtration rate (GFR) .' This explains why some elderly retired Cd workers are suffering from renal insufficiency requiring haemodialysis (unpublished observations).
An important question that remains to be answered is whether an internal dose of Cd , not yet sufficient to induce microproteinuria, may affect the filtration reserve capacity of the kidney. Because of the functional reserve of the kidney, the measurement of the basal GFR might not be sensitive enough to 
Subjects and methods

STUDY POPULATION
The investigation was cArried out on 215 male volunteers (107 control and 108 Cd exposed workers) who were currently employed or who had been occupied in two zinc/cadmium smelters in Belgium.
The control workers were closely matched for age with the exposed workers and care was taken to see that both groups had similar socioeconomic (education, salary) and environmental (place of residence) characteristics. A detailed occupational and medical questionnaire was given to each participant and information was also provided on dietary habits during the week before the study. To 400 Mg Pb/l, and 2-5 Mg zinc-protoporphyrin/g haemoglobin (Hb) in both the controls and the Cd exposed workers. In total 36 subjects did not meet these selection criteria (no compliance with the protocol, n = 6; medical history, n = 9; current or previous excessive exposure to lead, n = 10; and subjects intermittently exposed to Cd whose concentration of Cd in urine was < 2 pg/g creatinine, n = 1 1) so that, eventually, 87 Cd and 92 control workers were retained for data analysis.
The Cd workers were subdivided, on the basis of their age (younger and older than 50) and an assessment of various renal parameters at the time of the survey, into four subgroups-namely, (1) 36 subjects (group El: mean duration of exposure to Cd 7-8 years) younger than 50, without microproteinuria, and with normal fasting serum creatinine (< 13 mg/l); (2) 31 subjects (group E2a: mean duration of exposure to Cd 14-9 years) older than 50, without microproteinuria, and with normal fasting serum creatinine; (3) 12 subjects (group E2b: mean duration of exposure to Cd 22-3 years) also older than 50, with ;microproteinuria, but with normal fasting serum creatinine; and (4) eight retired subjects (group E3: mean 12-3 years of removal from Cd exposuire after mean duration of exposure to Cd 28-5 years) older than 50, with both microproteinuria and some degree of renal insufficiency (fasting serum creatinine between 13 and 25 mg/l). The control subjects were divided into three subgroups-namely, 47 subjects younger than 50 (group Cl), 35 subjects older than 50 (group C2), and 10 subjects (group C3) closely matched for age with group E3. The subjects of subgroup C3 were also retired employees from the plants concerned.
The subjects were expected to be in a fasting state since 2200 the day before the investigation. In each subject, the creatinine clearance was determined before and after a single oral protein load (400 g of cooked lean beef) according to the following protocol adapted from Bosch et al 1: at 0830 drinking of 400 ml of water (hydration from 0900 until 1500; 200 ml of water every 30 minutes); at 0900 emptying of bladder and start of the baseline two hour urine collection; at 1000 blood sampling; at 1100 emptying of bladder. Between 1115 and 1145 ingestion of the cooked meat. At noon emptying of bladder and start of the first 90 minute urine collection; at 1245 blood sampling; at 1330 emptying of bladder (end ofthefirst and start of the second 90 minute urine collection); at 1415 blood sampling; at 1500 emptying of bladder (end of the second 90 minute urine collection). This protocol was carried out in the medical-departments of the plants and was supervised by the same investigator. Three control and three Cd exposed workers were examined simultaneously. The subjects remained seated and refrained from smoking during the period of examination.
BLOOD AND URINE SAMPLES
Syringes, tubes, and urine containers were previously checked for lack of contamination with heavy metals. The first blood sample (20 ml) was divided as follows: 5 ml was placed in a polypropylene tube (containing 50 p1 ethylene diaminetetra-acetic acid Na2, 10% w/v) for the analysis of Cd and Pb. The remainder was kept in a plain tube for determination of basal serum creatinine. The second and third blood samples (each 10 ml) served to determine the serum creatinine concentrations after the intake of meat. The blood and serum samples were analysed within 24 hours and subsequently kept at 4°C and -20°C respectively. During the-30minutes before the baseline test a spot urine sample (100 ml) was collected. An aliquot of 4 ml was immediately transferred to a tube containing 0-4 ml phosphate buffer (1 mol/l, pH 7-6 supplemented with 0-2% NaN3) and kept at -20°C until the analysis of f2-microglobulin, retinol-binding protein, and albumin. The remainder ofthe urine was kept at 4GC for subsequent analysis ofCd and Hg.
BIOLOGICAL ANALYSES
Urinary creatinine concentration was measured by Jaffe's picrate method24 and serum creatinine concentration was determined according to the method of Heinegard and Tiderstrom2' slightly modified' for automation. The urinary concentrations of f2-microglobulin, retinol-binding protein, and albumin were determined by automated assays relying on latex particle agglutination.'2 The determinations of Cd and Pb in whole blood or Cd in urine were carried out by electrothermal atomic absorption spectrometry using STPF techniques coupled with a Zeeman-effect background correction system (Perkin-Elmer Zeeman 3030). The method of external standard line in whole blood matrix was used for the analysis of blood, and for urine the method of standard addition was used. Total Hg in urine was analysed with an automated cold vapour atomic absorption technique.27 Zinc-protoporphyrin concentration in blood was measured with a haematofluorimeter (Aviv Associates, Lakewood, NJ).
DATA PROCESSING AND STATISTICAL ANALYSIS
For each subject, three creatinine clearances (baseline, and first and second periods of 90 minutes Zinc-protoporphyrin (pg/g Hb)
Seium concentration: Creatinine (mg/i) [4] [5] [6] . In each subject the serum creatinine concentration increased after oral protein load. On average, the hydration was maintained at an adequate level throughout the whole examination period as shown by the mean diuresis which exceeded 5 ml/minute in all the subgroups, except in subgroup E3 (with some degree of renal insufficiency) who showed a somewhat lower diuresis. Figure 1 shows the mean values (SEM) of baseline and peak period creatinine clearances for each subgroup. In each age group the Cd workers without microproteinuria and with normal fasting serum creatinine (subgroups El and E2a) showed a significant increment ofthe creatinine clearance after oral protein load (tables 4 and 5). Their relative increase in creatinine clearance amounted on average to 6-9 and 7-6%, respectively, and that of the corresponding control subgroups Cl and C2 5-9 and 3-5% (fig 1) . Microproteinuria was found in 20 Cd workers aged more than 50 years. Those presenting with moderate microproteinuria and normal fasting serum creatinine (subgroup E2b) still exhibited a normal baseline creatinine clearance (mean 116-3 ml/ min/ 173 m'); however, no rise in creatinine clearance could be found after oral protein load (mean peak period creatinine clearance 113-8 ml/ min/1 73 m2) (table 5; fig 1) . No increment in creatinine clearance was found in the retired Cd workers (subgroup E3) presenting with pronounced microproteinuria and some degree of renal insufficiency (mean baseline and peak period creatinine clearances 67 and 66-3 ml/min/I -73 m' respectively).
The age matched retired control workers (subgroup C3) had a baseline creatinine clearance still in the normal range (on average 97 2 ml/min/1-73 m') and their renal filtration could still be slightly stimulated by the protein load (table 6; fig 1) .
To identify the determinants which influence the baseline creatinine clearance (BCC), the peak creatinine clearance (PCC), or the ratio PCC/BCC, a stepwise multiple regression analysis was carried out on the total study population (n = 179) with the independent variables: age, concentration of Cd in urine, concentration of Pb or zinc-protoporphyrin in blood, microproteinuria (coded 0 when absent, 1 when present), and the first order interaction terms between age and concentration of Cd in urine, and age and microproteinuria. Table 7 lists all the determinants that statistically correlated with BCC, PCC, or the ratio PCC/BCC, and their partial correlation (R') and regression coefficients. The results indicate that the slightly different exposure to Pb between the control and Cd exposed workers (especially evidenced by Pb concentration in blood) was not a confounding factor. Baseline and peak creatinine clearances were significantly (p < 0-0004) negatively associated with two determinantsnamely, age and the interaction term between age and microproteinuria. The ratio PCC/BCC only correlated with this interaction term. Age explained 20 and 28% of the variance of baseline and peak creatinine clearances respectively; the interaction between age and microproteinuria explained , and 2-5% of the variance of BCC, PCC, and the ratio PCC/BCC. Figure 1 Mean (SEM) of baseline creatinine clearance (open colun4ns) and peak creatinine clearance after protein load (hatched columns) in different subgroups of control and Cd exposed workers. Statistically significant increments in creatinine clearance after protein load are indicated by an asterisk (paired t test). Arithmetic mean () for age, geometric mean (Xg) and range for Cd concentration in urine (Cd-U), -and + for absence and presence of microproteinuria. Discussion Because the workers had to be examined in the medical services of the plants, a study protocol had to be developed in which procedures were not too invasive but which was reliable enough to reach the objectives of the study. Experimental conditions that were considered to represent the best compromise were indirect assessment of the GFR through short term measurement of the creatinine clearance in well hydrated subjects and the use of an oral protein load to produce GFR stimulation. The interest and limitations of creatinine clearance to assess the GFR have been extensively discussed. the functional reserve capacity of the kidney in healthy control and Cd exposed workers. The increments in creatinine clearance after protein load (expressed as % increase) found in the present investigation seem slightly lower than those reported elsewhere. This might be because the present population was composed mainly of workers ._c 120 
